Recently it has been discovered that positronium (Ps), after forming in metal-organic framework (MOF) crystals, is emitted into vacuum with a high efficiency and low energy that can only be explained by its propagating as delocalized Bloch states. We show that the Ps atoms are emitted from MOFs in a series of narrow energy peaks consistent with Ps at Bloch-state energy minima being emitted adiabatically into the vacuum. This implies that the Ps emission energy spectra can be directly compared with calculations to obtain detailed information about the Ps band structure in the MOF crystal. The narrow energy width of the lowest energy Ps peak from one MOF sample (2-Methylimidazole zinc salt ZIF-8) suggests it originates from a polaronic Ps surface state. Other peaks can be assigned to Ps with an effective mass of about twice that of bare Ps. Given the immense catalog of available MOF crystals, it should be possible to tune the Ps properties to make vastly improved sources with high production efficiency and a narrow energy spread, for use in fundamental physics experiments.
into long-lived (∼30 μs [8] ) Rydberg states [9] . The Ps kinetic energies are then found with high accuracy from their flight times over distances that are substantially longer than otherwise possible using ground-state Ps. A 22 Na source and solid Ne moderator [10] are used to load a buffer gas trap [11] which produces 10 ns bursts of ∼10 5 positrons every 4.4 s. The positrons are guided by a ð21 AE 1Þ mT axial magnetic field and implanted into a Ps-forming target after acceleration to kinetic energies up to 5.2 keV using a pulsed electrode.
The targets are powdered MOF samples, ZIF-8 (2-Methylimidazole zinc salt from Sigma-Aldrich) and MOF-5 (1,4-benzenedicarboxylate zinc salt prepared by Q. Zhai) [1] , lightly pressed onto a strip of double-sided carbon adhesive tape mounted on a strip of Ta in thermal contact with a 10 K closed-cycle refrigerator. Long-lived Rydberg atoms are detected at a microchannel plate (MCP) in a cone of half-angle 1.35°normal to the target surface, after a flight path of L ¼ ð1.78 AE 0.01Þ m. The flight times, 3-10 μs for 1-0.1 eV Ps, are determined with an overall uncertainty of AE10 ns. The energy uncertainties thus range from AE9 meV at 1 eV to AE0.6 meV at 0.1 eV, including the uncertainty in the flight path. When combined with the narrow angular resolution, this results in at least an order of magnitude improvement in the energy resolution of TOF measurements performed using ground-state Ps atoms (see, e.g., Ref. [12] ).
Ps emitted from the target was optically excited into Stark-split Rydberg states via a two-step process [1S-2P → n ¼ 30 AE 1] using a pair of pulsed dye lasers generating visible light at 486 nm, which is subsequently doubled to 243 nm, and IR light at 732 nm. At the end of their flight path, the Rydberg Ps atoms are field ionized in the ∼1.5 kV=cm electric field produced by a pair of 85 mm diameter grids with a 3 mm separation. The ionized positrons are accelerated and focused onto a 4 cm diameter MCP detector. Each event signaling the detection of a Rydberg Ps atom is recorded as a wavelength and TOF pair (λ, t), with the IR wavelength λ measured at a Bristol 821 pulsed wavelength meter [13] . The start time is determined from the MCP signal due to annihilation photons at the target with the lasers off. The data are saved as a list of event times rounded to the nearest 5 ns interval.
In Fig. 1 the count rate as a function of TOF is presented for positrons implanted into the MOF-5 and ZIF-8 targets, summed from scans taken with positron kinetic energies K between 0.2 and 5.2 keV. The spectra consist of broad, nonthermal distributions of counts upon which are superimposed a number of distinct peaks. For flight times less than ∼3 μs, there is a background signal due to ions generated in the detector from scattered UV light, appearing as a series of peaks, shown in Fig. 1(a) . The data are summed into equal-width energy bins to yield energy distributions, as shown in Figs. 2(a) and 2(b) for MOF-5 and ZIF-8 samples at both room (∼300 K) and cryogenic temperatures (hTi ¼ 115 and 80 K, respectively). The most prominent energy peaks of MOF-5 and ZIF-8 are labeled E1-E4.
Although not shown in the figures, as the positron energy is increased from 0.2 to 5.2 keV, the MOF-5 E1 peak increases from 20% to 60% of the total, the E2 peak grows from 6% to 12% and the E3 and E4 peaks diminish. This behavior is explained as follows: Positronium with energies from 0 to a few eV is formed a few ps after positrons of kinetic energy K are implanted into the sample. The Ps then diffuses towards the sample surface, while losing energy to phonons and consequently shifting its population to lower and lower energy Bloch states and accumulating intensity near the Bloch-state minima due to the energy gaps, as illustrated in Fig. 2(c) . While near the surface, Ps atoms in Bloch states that couple to states of Ps in the vacuum are emitted, typically leaving the sample in its ground state. Since the time spent in the sample increases with implantation depth and hence K, we expect the lowest energy emission peak E1, which would correspond to the lowest energy Bloch-state minimum in the solid, to increase in amplitude with K. The higher energy peaks E3 and E4 are diminishing and the E2 peak, being fed by E3 and E4 and depleted to E1, appears to maintain a roughly constant intensity for 1 < K < 5 keV.
It thus appears that the peaks E1-E4 from MOF-5 may be ascribed to adiabatic Ps emission into the vacuum from Bloch-state minima. The same picture does not appear to be valid for ZIF-8 data where the intensities of the E1 and E2 peaks are constant for 2 < K < 5 keV, having initially increased for 0.2 < K < 2 keV at the expense of the E3 peak. It appears that the state responsible for the E1 peak is not being populated during the time the Ps corresponding to the E2 peak is diffusing towards the surface, otherwise peak E1 would increase and E2 would decrease as K gets larger. We conclude that the state E1 is being populated after the E2 Ps atoms reach the surface, and that the E1 peak is due to Ps emission from a metastable surface state. The narrowness of the E1 peak would then be due to the E1 surface state being localized or having a large effective mass (m Ã Ps ). The existence of a surface Ps state is not unreasonable given the evidence for such a state on a dielectric crystal, i.e., quartz single crystals [14] .
Examination of Figs. 2(a) and 2(b) reveals that peaks E2 and E3 for both samples have similar shapes NðEÞ, with a sharp steplike feature on the low energy side and an exponential decay on the high energy side. On the other hand, the E1 peaks, although narrow, do not have this shape. We examine these peaks for ZIF-8 in detail in Fig. 3 . As illustrated in Fig. 2(c) , Ps will accumulate near the bottom of any energy bands that have relatively low rates of transition to lower bands, e.g., E2 and E3. The spectrum of adiabatically emitted Ps energies E from a parabolic band minimum will be a beam Maxwellian displaced by the Ps negative affinity A for the level in question, . Also shown in (a) is a background spectrum (solid line), resulting from ions generated in the detector due to scattered UV light, scaled to the first peak in the spectrum of MOF-5. The observed background is negligible for flight times greater than 3 μs (indicated by the dashed vertical line), corresponding to Ps kinetic energies ≥ 2 eV and has not been subtracted from the data.
The shape described by the above distribution fits peaks E2 and E3 for both MOF-5 and ZIF-8, as illustrated in Fig. 3 for ZIF-8. We notice, however, that there is a tail to lower energies from these peaks, which might represent inelastic emission; i.e., one or more phonons have been shaken off during the emission process.
This same description does not apply to the two E1 peaks. The shape of the MOF-5 E1 peak is explained as being due to the otherwise parabolic band being flattened by the first energy gap, i.e., the band range EðΓ → XÞ of Fig. 2(c) ∼k B T. The ZIF-8 E1 peak, on the other hand, is fitted by a Gaussian having a standard deviation of about 4 meV at both 90 and 300 K, a factor of 2-6 less than what would be expected if the width were associated with sample temperatures. This finding is in agreement with our assignment of the E1 peak of ZIF-8 as originating from a surface Ps state [see band S of Fig. 2(c)] .
We now attempt to identify the band gap minima that correspond to the Ps emission peaks. We start with the empty lattice energy bands for simple cubic MOF-5 and body centered cubic ZIF-8. We assume the appropriate lattice constant for MOF-5 is a ¼ 1.29 nm because the band gaps associated with the full unit cell of 2.58 nm are probably very small [7] . The empty lattice band gap centers will thus be at various integral multiples n of energies
where
Ps =ð2m e Þ is the relative Ps effective mass due to its being dressed with virtual phonons in the sample [15] . Taking the lowest energy at the Γ point (k ¼ 0) to be the fitted zero of the E1 peak, 123 meV, the choice of M Ã ¼ 1.85 results in the empty lattice energy for point X on the Brillouin zone being located 30 meV below peak E2. The peak E3 is then associated with the R point and E4 with the X 0 point. The absence of observed peaks at energies corresponding to the intervening M and Γ 0 points can be explained by assuming either that the band gaps are so small that no significant amount of Ps lingers there or that there is no significant coupling of such states to vacuum Ps states.
The empty band gaps of ZIF-8 are spaced by various integral multiples of energies E ¼ n × ð65 meV=M Ã Þ. One can assign peaks E2 and E3 to the energy minima above the empty lattice band gaps at symmetry points H and H 0 using M Ã ¼ 1.63, assuming Γ, N, and P do not have metastable minima and that the lowest energy Γ Ps cannot be populated. Otherwise, E2 would have to correspond to the lowest energy Bloch state, and the peak E3 to H with M Ã ¼ 1. A possible small amplitude peak α at 365 meV could be the Γ point, which would then have to not be easily reachable from the Bloch state corresponding to E2. A broad peak β at 480 meV could be associated with point P on the Brillouin zone, or with nonadiabatic emission associated with the E2 peak due to shakeoff of ∼50 meV longitudinal optical phonons. As for the lowest energy peak (E1), the fact that it is very close to monoenergetic implies not only a very narrow energy band due to a polaronic state [15] [16] [17] [18] , but also that the phonon cloud around the Ps collapses adiabatically as the Ps is emitted into the vacuum. Nonadiabatic emission events do appear, forming a tail at energies below the peak, and account for ∼1% of the events in the narrow peak.
Our experiments and those of Refs. [6, 7] show that Ps formed from MOF samples involves another new mechanism for the production of Ps in vacuum [19, 20] . We conclude that we have observed Ps emission from Bloch states in MOF crystals and identified the emission energies with features of the Ps interactions in these crystals. The narrow energy width of the lowest energy peak of ZIF-8, which accounts for as much as ∼10% of the implanted positrons at K ¼ 2 keV, allows for the prospect of efficiently decelerating or focusing the emitted Ps using Rydberg Ps electrostatic optics [21] . The Ps emission should be predominantly in a direction normal to the MOF crystal surfaces which are (100) for MOF-5 (cf. Supplemental Material of Ref. [6] ) and (110) for ZIF-8 [22] . Thus, a single MOF crystal should yield a narrow Ps beam with angular spread ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi k B T=A p . There should be other interesting possibilities for further study, given the fact that there are so many different members of the MOF family [23] . In particular, increasing the lattice constant, for example, from the half-lattice constant 1.2915 nm of MOF-5 to 2.149 nm of MOF-16, could lead to a Ps state with very low emission energy and small energy spread that would be very useful for precision Ps 1S-2S spectroscopy [24] and for measurements of the gravitational acceleration of Ps [25] and antihydrogen [26, 27] .
It would also be interesting to determine what positron implantation energy densities can be tolerated and to see what self-interactions emerge when large densities of Ps atoms are formed within a MOF crystal [28] . For example, a swarm of Ps might become trapped in the local crystal deformation of its own making and proceed to form a BoseEinstein condensate (BEC) [29, 30] . Possible densities could be of order 1 Ps per unit cell, for which the BEC critical temperature, assuming a relative Ps effective mass M Ã ≈ 2, would be above room temperature. This possibility makes MOF targets a promising avenue for achieving a Ps BEC. 
